Striimpell's familial spastic paraplegia (SFSP) is a rare hereditary disorder, characterized by progressive weakness and spasticity affecting predominantly the lower limbs. Although most neurologists in large centres have seen one or two cases, the life span of the patients tends not to be shortened, nor do they usually die in hospital, thus neuropathological reports are very few. The lack of detailed pathological knowledge has created many difficulties in classification, particularly in establishing the relationship of this disease to other familial degenerative disorders. We were able to study six families with uncomplicated familial spastic paraplegia (FSP) to determine their phenotypic relationship, and to examine neuropathological material from single patients from two of these families. This report is concerned mainly with the neuropathological findings, with a brief description of the clinical findings, and a note on the genetics. From our studies it is concluded that SFSP should be regarded as a circumscribed clinical and pathological entity, characterized by distal 1 Present address: 6 Ledlameroch Crescent, Bearsden, Glasgow.
G614AA. 2 Present address: Department of Neurology, Sto. Antonio Hospital, Oporto, Portugal. 8 axonal degeneration of the long ascending and descending tracts in the spinal cord.
METHODS
GENETIC STUDIES The six families studied consisted of four families with members who had been referred to the Population Genetics Unit in Oxford for genetic advice, and two additional families, in each of which one affected member had died and been the subject of a neuropathological examination at the Neuropathology Department, Radcliffe Infirmary, Oxford. With two exceptions (noted below) all living affected members of these families were visited, as were family members suspected of having a disability, and as far as possible those apparently at risk by reason of age or relationship to known affected. individuals. A detailed history was taken and clinical examinations carried out on all the individuals by one of us (M.M.) .
The findings are recorded as diagrammatic pedigrees and all clinical data are summarized in the Table. It was decided to classify the disorder into stages I-IV, with subgroups (a) and (b), on the following basis:
I Pyramidal tract signs in the legs, but no complaints of symptoms. II Spastic gait, but the patients could walk unaided. III Patients could walk with the aid of sticks. Striirnpell's familial spastic paraplegia: genetics and neuropathology
The haemorrhages in the brain showed no peculiar features, and were considered to be related to the patient's arterial hypertension. No abnormality was found in motor cortex, internal capsule, thalamus, and upper brain-stem. Myelin pallor was just detectable in the medullary pyramids; otherwise there was no sign of tract degeneration in the brainstem.
In the cord, there was degeneration of the corticospinal tracts at all levels, including the uncrossed tracts in the cervical and upper thoracic segments (Figs 7 and 8) . Myelin and axon stains showed that the degeneration involved mainly the thicker fibres, and became progressively more severe at lower levels. There was an associated astrocytic and fibroglial reaction. No lipid degeneration products or PASpositive material, were seen. There was also degeneration of the posterior columns, mild at sacral levels, and becoming more severe on ascending the cord (Figs 7, 8, and 9) . At lower cervical levels the cuneate fasciculi were only mildly affected, whereas the gracile fasciculi were grossly degenerate and reduced in size; while at C-I segment and in the lower medulla the cuneate fasciculi were severely affected. At all levels Microscopic Blocks were taken from the right basal ganglia, five levels of brain-stem, five levels of spinal cord, and anterior and posterior nerve roots. Customary stains were used.
The striatal infarct was of several months' standing, and could be related to a clinical episode of left hemiparesis a few months before death. It had not interrupted fibres passing through the cerebral peduncle, which appeared normal on both sides. Otherwise, no significant changes were seen in the brain apart from the medullary pyramids, which appeared somewhat pale in myelin stains (Figs 10 and 11).
In the cord there was degeneration of the corticospinal tracts (including the uncrossed tracts) at all levels. As in case 1, this became progressively more severe at lower levels (Figs 12 and 14) . Posterior column degeneration was less severe than in case 1 but showed the same pattern, being barely detectable at sacral level and in the cuneate fasciculi, but progressively worse in the gracile fasciculi on ascending the cord. As before, thick fibres appeared to be more affected than thin ones, and there was a fine fibrillar gliosis in the degenerate tracts ( Fig. 13) (Striumpell, 1886) and then the postmortem findings in an unrelated but similar case (Striimpell, 1904 Goll, present in one case (Strampell, 1886) from lumbar region to medullary nuclei and in the other (Struimpell, 1904) from upper thoracic region to the medulla. There was also marginal degeneration of the cord, probably of no significance. The motor cortex, internal capsule, basal ganglia, and medulla were not noted to be abnormal in either case.
The disease is sometimes classed along with the hereditary spinocerebellar degenerations (Greenfield, 1954) . The pathogenesis in these diseases is thought to be that of simple neuronal atrophy or 'abiotrophy' as defined by Gowers (Greenfield, 1954) (Greenfield, 1954) . Secondly, patients are reported with combined forms of the diseases such as both Friedreich's ataxia and peroneal muscular atrophy, or as having transitional types of degeneration-for example, the Roussy-Levy syndrome (hereditary areflexic dystasia) (Greenfield, 1954) . Histological examinations, however, have sometimes shown that very different clinical pictures in the same family may be produced by similar pathological lesions which have a different intensity of damage at various points (Schut and Haymaker, 1951) .
As first described, Struimpell's familial spastic paraplegia (SFSP) seemed to be a relatively circumscribed disease with a characteristic clinical and pathological picture, but since that time there have been numerous reports of SFSP associated in the same patient with spinocerebellar atrophies such as Friedreich's ataxia (Schut, 1950) , hereditary spastic ataxia (Greenfield, 1963) , or as in the Roussy-Levy syndrome. Rhein (1916) first drew attention to the remarkable heterogeneity of signs and symptoms associated with the disease. Families are recorded in which spasticity is associated with dementia (Van Bogaert, 1952) , mental deficiency (Johnston and McKusick, 1962) , retinal degeneration (Jequier and Streiff, 1947) , retrobulbar neuritis (Bickerstaff, 1950) , dysarthria, extrapyramidal disturbances (Dick and Stevenson, 1953) , or pes cavus and amyotrophy (Garland and 1950). Rarely, the illness has also been described as occurring with the leucodystrophies, an interesting association in view of the inherited metabolic defects known to produce the latter (Poser et al., 1957 ).
Striimpell's familial spastic paraplegia occurs far less frequently than spastic paraplegia associated with other defects. Indeed, Bell (1939) could find only one such family, after searching the records over 20 years in two London hospitals with large neurological departments. They cited 74 families published in the world literature up to 1939, but scrutiny of their clinical and family summaries indicates that in only 28 of these families was pure SFSP segregating in the members. Only one further family with SFSP has been reported from Great Britain since 1949 (Bickerstaff, 1950) . Hlowever, Ozsvath (1968) was able to derive, from the literature and his own experience, 142 families with the disease. Since Ozsvath's review, a family of nine cases has been reported from Japan with members affected in four generations (Kirikae et al., 1968) and Fontaine et al. (1969) have described another family with 10 cases in four generations.
With regard to the mode of inheritance, there appears to be general agreement that SFSP may be inherited as an autosomal dominant (probably in rather more than half of the families) or as an autosomal recessive gene. Two families with spastic paraplegia (Johnston and McKusick, 1962; Baar and Gabriel, 1966) where the pedigrees were compatible with X-linked recessive inheritance were not of pure spastic paraplegia. In both families the affected members showed early signs of brain-stem and cortical lesions.
Autosomal recessive forms tend to have an earlier onset and a more rapid progression, as pointed out by Bell (1939) and by subsequent reviewers. In almost all these cases the onset is under the age of 10 years, although occasional cases appearing up to 14 years of age have been reported. In contrast, the age of onset of those affected families where the inheritance appeared to be autosomal dominant is much higher-on the average over 20 years of age, and often not until early middle age. There is, however, an overlap between the ages of onset in the dominant and recessive forms, since in some cases with the dominant mode the onset may be in early childhood: in these latter cases it is interesting to note that progression is usually very slow. Bell (1939) points to the high sib/pair correlations of ages of onset but low correlations between pairs derived from different families. That this is in general true seems clear from the published data but, as pointed out a long time ago (Rhein, 1916) , in some families there is a very marked bimodal distribution of ages of onset-some members being affected much earlier than others.
Clinically, all the patients recorded here are similar to those described by other authors as having Striimpell's FSP. They presented with spastic paraplegia without any signs of ataxia, amyotrophy, extrapyramidal signs, or mental deterioration. All the affected patients examined by us had positive Babinski signs and some had absent abdominal reflexes. As the duration of the symptoms increased, loss of deep sensation in the lower limbs and pyramidal tract signs in the arms became increasingly common. All the patients seen were able to work until middle age, and only seven of them had been admitted to hospital for investigation. This could explain why Bell (1939) found so few records of patients in London hospitals and why only one family (Bickerstaff, 1950) has been reported from the United Kingdom in the last 20 years.
In most of our six families, the neurological signs and the rates of progression varied very little in the members. Typically, the first symptoms and signs were in the legs, spreading upwards much later to the arms. In a considerable proportion there was an impairment of deep sensation after the disorder had persisted for some time. Clinical findings suggested that sometimes the posterior columns were first affected and that in some cases the pathological process most severely affected pyramidal tracts at the cervical level with involvement of both arms and legs. It is noteworthy that in the two patients worst disabled from childhood (BIV3 and BIV5), pyramidal tract signs in the upper limbs were present in both, by 23 and 21 years respectively, and that one of them (BIV5) already had impaired deep sensation.
With regard to the age of onset, two different patterns of disease emerge. In families C, D, and E, the history suggests that no members were affected below the age of 30 years and that on the whole the ages of onset, as judged by the account of patients and relatives, are highly correlated within families. However, there is always considerable doubt as to the actual age of onset, so that sib/pair correlations within and between the families, or analysis of variance, hardly seemed justified.
The picture is different in families A, B, and F. In family A, three affected members first had trouble after 30 years of age, but in the other three the onset seems to have been much earlier.
Perhaps not much reliance can be placed on the age of 17 years given for 117, but both 119 and IV4 were seen and had obvious disabilities in walking, as well as definite neurological signs. In four of the affected members of family B, the age when symptoms were first noted ranged from 21 to 30 years, but in the three others who were affected, and who were examined at 17, 21, and 23 years, it is impossible not to conclude that they walked late as children, and that when they first walked, they had talipes equinus and spastic paresis. Similarly, in family F, two members (II1 and II13) had first symptoms at 55 and 30 years respectively, but 1114 and IV2 both had obvious signs when they first walked in childhood.
Thus, there seem to be two groups of families as regards onset: in the first group the disease process starts in middle life and has a slowly progressive course (families C, D, and E); and in the second group, there is bimodal distribution: some members are affected in the second decade but others in childhood. The latter, however, show no increase in severity of the disease until about 30 years of age. There does not seem to be an adequate hypothesis to explain this bimodal distribution of age of onset.
Examination of the data in the The most plausible explanation of the inheritance of pure spastic paraplegia in all of these families, except family B, is that the trait is a regularly expressed autosomal dominant. Family B presents some problems. If I1 and '2 were indeed affected, and I1 was not, then we have to postulate complete failure of penetrance in Il1, who must have been heterozygous. It is, of course, possible that 112 had minimal signs or even symptoms but the history certainly did not suggest that he had any symptoms. If none of I1, '2, or I1 was affected, then we have an example of a moderately common phenomenon whereby the characteristic has appeared all in one sibship for the first time but the trait is thereafter transmitted in a manner compatible with its being an autosomal dominant. Various explanations have been offered for this phenomenon, but whatever the explanation, the basic mechanism appears to be autosomal dominance in family B also.
It will be noted that of all those who are probably affected, even ignoring B12 and B112, there is an excess of affected males. This seems to be a common feature in reported families. However, in the pedigrees here presented, it can be observed that there were, in fact, many fewer females 'at risk' than males, in the sense that they had a presumptive heterozygote parent. It is therefore not surprising that more males than females were affected in our six families.
In summary, the clinical picture of these patients is of a slowly progressive spastic paraplegia with impairment of deep sensation and spastic paresis of upper limbs in the late stages; there are no cerebellar signs, amyotrophy, or mental deterioration. Over the years, severe handicap develops.
As to the pathology, Schwarz (1952) provided an extensive review of the pathological literature (amounting to 24 cases), discarded several reports as being not relevant or not informative enough, and stated that he considered all neuropathological knowledge of the condition rested on the descriptions of seven cases-six described before 1912 and one in 1937. The cases were Striimpell's original two cases (Striimpell, 1886 (Striimpell, , 1904 ), Newmark's three (1904 Newmark's three ( , 1906 1), and the single reports of Jakob (1909) and Kahlstorf (1937) . In addition, he thought that possibly four others-two cases of Bischoff (1902) and the one described by Raymond and Rose (1909) Appel and Van Bogaert (1952) were most similar to those previously characterized (the other three cases were of quadriplegic idiots). The first case was reasonably typical clinically. Pathologically, there was degeneration and gliosis of crossed pyramidal tracts in the spinal cord, with minor involvement of the uncrossed tracts. In the cervical levels of cord only there was slight degeneration of the gracile and cuneate fasciculi. There was, however, degeneration throughout the cord of anterior horn cells: an atypical finding in SFSP. On clinical examination the second case had a spastic quadriparesis, slight atrophy of the muscles of the calves, thighs, thenar eminences, and the backs of the hands, but the pathological examination was more characteristic of SFSP as previously described, with degeneration and gliosis of pyramidal tracts extending from the cerebral peduncle to the sacral levels, and similar changes in the posterior columns from the second thoracic level to the medulla. There were no anterior horn cell changes. It has to be admitted that neither of these cases is typical of uncomplicated SFSP.
The two new cases that Schwarz reported showed findings similar to those expected. In the first case (1952) , the brain-stem and cord only were examined. The major findings were of bilateral fibre loss in both crossed and uncrossed corticospinal tracts, worse at lower levels, with possible thinning of the medullary pyramids. The fasciculus gracilis showed slight loss of fibres at lower cervical level. Possible degeneration in the spinocerebellar tracts was commented on. The second case (Schwarz and Liu, 1956 ) was interesting in that all changes were so much more severe at thoracic level that the authors postulated that this was the original site of damage. Again, bilateral loss of fibres in the lateral corticospinal tracts was found, increasing caudally and most severe at thoracic level, and mild myelin pallor was recorded at the level of the pyramidal tract decussation. There was degeneration of the fasciculus gracilis from the lowest thoracic level upwards with a loss of neurones from Clarke's columns, but no involvement of the fasciculus cuneatus. The dorsal spinocerebellar tracts showed a fibre loss which could be traced into the medulla. Schwarz It is worth noting, too, that the two tracts which are constantly affected in SFSP contain the longest fibres in the central nervous system: and that, in spite of the long duration of the disease, the cells of origin of these tracts in the cerebral cortex and posterior root ganglia respectivelyshow little, if any, depletion at the time of death. It may well be that the mechanism of distal fibre degeneration in SFSP is different from that in the so-called 'system' degenerations, in which collections of neurones are affected regardless of the length of their axons. The findings, in fact, could be explained as the result of a generalized failure of nerve cells to maintain the vitality of axons of more than a certain length, rather than as a specific disease of particular types, or systems, of neurones. This conjectured difference may or may not be real; in any case, it cannot be assumed that the basic cause is the same in all kinds of primary neuronal degeneration.
Greenfield (1954) commented on Gower's abiotrophy theory in the pathogenesis of the spinocerebellar degenerations and suggested that the lesion would ultimately be found to be an enzyme deficiency. It has been shown that accidental organic phosphate poisoning in man has resulted in degeneration of long tract fibrescorticospinal and gracile-especially at the distal ends (Aring, 1942) ; and experimentally Cavanagh (1954) , using tri-ortho-cresyl phosphate, and Fenton (1955) with di-iso-propyl-fluorophosphonate, were able to reproduce similar but more acute changes in chickens. The organic phosphates destroy pseudocholinesterase, an enzyme which has no known function in the central nervous system; but affection of other enzymes as well is a possibility. A premature ageing process has been suggested as the pathogenesis of various spinocerebellar disorders, a concept proposed by Raymond (1908) and then expanded to include a wide variety of familial or hereditary disorders which show distal axonal atrophy. In SFSP, no excess of the signs commonly associated with ageing in the central nervous system has been reported in the literature, nor did we see any in our cases.
One of the puzzling features of these disorders is the age of onset. It is difficult to understand how a system which has functioned well from birth to 30 years should then fail. In the case of metachromatic leukodystrophy we can understand why the disorder is not seen in infants before 2j or 3 years of age, because it is known that aryl sulphatase-A deficiency will not produce an effect until myelin formation has occurred (Jatzkewitz, 1968) . There is no explanation, however, for similar cases of this disorder starting in adulthood. Whether or not what is inherited in SFSP is a tendency to 'switch-over' enzyme production from normal to abnormal at a certain age, cannot be determined. Since the flow of nutrients is from perikaryon to axonal termination, it is understandable that the distal parts of the long axons would be affected first if there were any derangement in cell nourishment.
In conclusion, we consider that uncomplicated FSP is a well-defined clinical and pathological entity, and recommend the use of the eponymic term 'Striimpell's familial spastic paraplegia' to distinguish it from the bewildering array of familial system degenerations in which spastic weakness of the legs is only one feature in a complex or variable neurological picture.
ADDENDUM
Since the preparation of this paper, we have studied an additional case, with necropsy material. The patient was a man with a strong family history (mother, brother, two sisters) of difficulty in walking, who died at age 74 years, having been weak in the legs for an unknown
